University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Masters Theses

Graduate School

12-2012

Synthesis of Palladium-Based Electrocatalysis—From Pure Metal
to Bimetallic Nanoparticles
Haijun Gao
hgao4@utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_gradthes
Part of the Inorganic Chemistry Commons, and the Materials Chemistry Commons

Recommended Citation
Gao, Haijun, "Synthesis of Palladium-Based Electrocatalysis—From Pure Metal to Bimetallic
Nanoparticles. " Master's Thesis, University of Tennessee, 2012.
https://trace.tennessee.edu/utk_gradthes/1378

This Thesis is brought to you for free and open access by the Graduate School at TRACE: Tennessee Research and
Creative Exchange. It has been accepted for inclusion in Masters Theses by an authorized administrator of TRACE:
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu.

To the Graduate Council:
I am submitting herewith a thesis written by Haijun Gao entitled "Synthesis of Palladium-Based
Electrocatalysis—From Pure Metal to Bimetallic Nanoparticles." I have examined the final
electronic copy of this thesis for form and content and recommend that it be accepted in partial
fulfillment of the requirements for the degree of Master of Science, with a major in Chemistry.
Sheng Dai, Major Professor
We have read this thesis and recommend its acceptance:
George Schweitzer, Michael Sepaniak
Accepted for the Council:
Carolyn R. Hodges
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

Synthesis of Palladium-Based Electrocatalysis—From
Pure Metal to Bimetallic Nanoparticles

A Thesis Presented for the
Master of Science
Degree
The University of Tennessee, Knoxville

Haijun Gao
December 2012

Copyright © 2012 by Haijun Gao
All rights reserved.

ii

Dedication

This thesis is dedicated to my parents and friends.

iii

Acknowledgement

I would like to give all my honors and glory to God, who can sustain me forever
and will never abandon me.
Special thanks to my advisor, Dr. Sheng Dai. He supported me for two years to
complete this thesis. When I was confused about my future in research, Dr. Dai
opened a door for me and accepted me as a member in his group.
I also give thanks to Dr. George Schweitzer and Dr. Michael Sepaniak for agreeing
to be on my committee and to review my M.S. thesis.
I also give my gratitude to my group members, especially to Dr. Zhenan Qiao. Dr.
Qiao acted as role of a elder brother and a good teacher to me. I also give specific
thanks to Dr. Suree Brown, who is most kind-hearted to everyone in the lab. I need to
say thank you to Andrew Binder and Kimberly Nelson, my classmates and friends in
lab.
Thanks to the professors who taught graduate level course: Dr. Ben Xue, Dr. Craig
Barnes, Dr. David Jenkins and Dr. Jon Camden.
I also want to thank my National Science Foundation (NSF) project co-workers in
Washington State University (WSU), Dr. Su Ha and Shuozhen Hu. I learned a lot
about electrocatalysis and had a lot of samples tested from these co-workers.
I give my final thanks to the NSF and Department of Chemistry (UT) for their
support in my thesis project.

iv

Abstract

This thesis focuses on synthesis and characterization of palladium-based
nanoparticles. Background information of the research in this thesis is provided in
Chapter 1. Preparation and characterization of pure palladium nanoparticles are
presented in Chapter 2. A fast and convenient method to prepare ultra small Pd
nanoparticles via Pluronic P123 reduction is discussed in detail. Impregnation method
and poly method are also studied in this chapter. Chapter 3 reports the studies of these
methods to prepare ultra small bimetallic (bimetallic means a mixture of two metals)
palladium-based nanoparticles. Oleylamine-mediated method used Pd nanoparticles
prepared via P123 reduction as precursor. Ultra small palladium-based nanoparticles
are prepared in this way. With the assistance of trioctylphosphine complex as
precursor, tiny palladium-based bimetallic nanoparticles can be prepared with certain
structure. The structure of these bimetallic nanoparticles gives a better
electrochemical activity than pure palladium nanoparticles. When loaded on
mesoporous carbon, these tiny trioctylphosphine-assisted palladium nanoparticles
displayed good thermal stability.
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Chapter 1
Introduction and General Information
1.1 Introduction
1.1.1 Noble metal nanoparticles
Nanomaterials are materials with at least one dimension between 1 and 100nm
(Figure 1.1). The first claim of synthesis of metal nanoparticles can be traced back to
1850’s. Faraday synthesized the first pure gold colloids by reducing gold chloride
with phosphorus in water and claimed the chemicals he made were in the nano-scale.1
Metal nanoparticles are a significant area of nanomaterials research. Compared with
bulk metals, metal nanoparticles have remarkable electrical, optical, magnetic and
chemical properties. Size, shape and composition of metal nanoparticles are of great
significance to their functions and applications.2-8 The last two decades have
witnessed a blossom of publications on and the preparation of metal nanocrystals.5, 9-12
Noble metal catalysts play key roles in the various organic reactions.13-16 Because of
the shortage of fossil fuels, new sources of energy, such as lithium ion batteries, solar
cells and fuel cells, have been paid great attention. As interest in energy increases, the
demand for noble metals (catalysts for energy production) gradually goes up. Various
studies on the synthesis of size- and shape-controlled noble metal nanoparticles have
been conducted previously.

1

Figure 1.1 The size of nanotechnology.
Copyright http://www.sustainpack.com/nanotechnology.htm
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1.1.2 Palladium
Palladium has been extensively used as a key catalyst in many industrial processes
and organic reactions. For instance, the Heck reaction (the coupling reaction of aryl
halides with alkenes), 13 Suzuki reaction (cross-coupling reactions of aryl halides with
arylboronic acids),14,15 Stille reaction,16 and Sonogashira reaction have all been
catalyzed by palladium compounds.17 Moreover, the surface-enhanced Raman
scattering6 and magnetic properties18 of palladium have been investigated. Palladium
also serves as a major catalyst in the automobile industry. Over half of palladium
supplies are used in catalytic converters, which convert up to 90% of harmful gases
from auto exhaust into less-harmful substances.19 Palladium has shown a very large
capacity for hydrogen absorption.20 Nanostructured palladium thin films perform well
as microsensors, which have been applied in hydrogen detection.21 Palladium also
plays a key role in the technology for fuel cells, which combine hydrogen and oxygen
to produce electricity, heat, and water.22
1.1.3 Bimetallic nanoparticles
Due to the expensive price of palladium, scientists and engineers have devoted much
time to increasing the catalytic activity and/or decreasing the quantity of palladium to
cut down the cost. It is well known, chemical interactions between atoms/molecules
happen at the surface of catalysts. Smaller size catalysts contribute to higher chemical
activity. Reducing the size of palladium-based catalysts can contribute to a decrease of
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the cost of catalysts while simultaneously increasing catalytic activity. Small size
nanoparticles can also have large surface-area-to-volume ratios, which is crucial to
decreasing the use of palladium. Along with the synthesis of various shapes of
palladium nanoparticles, different kinds of shapes can enhance different properties and
activities of catalysts. High-index facets also play key roles in catalytic reactions. For
example, (100) facet-bounded palladium nanocubes can improve activity for formic
acid oxidation reaction as compared to (111) facet-bounded palladium nanocubes.23
Another practicable route for improving the activity of palladium-based catalysts is
to change the composition of catalysts. Bimetallic or multi-metal nanoparticles
receive considerable attention because the combination of two or more metals within
a nanoparticle generates a new species of nanoparticles with certain properties. The
heteronuclear metal-metal bonds induce a shift of electron binding energies that cause
the properties of bimetallic nanoparticles to be radically different from the mix of two
pure metals in the same ratio.24 As shown in Figure 1.2, bimetallic nanocrystals have
three kinds of nanostructures: Core-shell structure (Figure 1.2a), heterostructure
(Figure 1.2b) and intermetallic or alloyed (Figure 1.2c) structure. Since most catalytic
reactions happen on the surface of nanoparticles, core atoms do not interact with
reactants. From atomic economy point of view, core-shell structure is much better
than heterostructure and intermetallic structure. Scientists prefer other metals instead

4

Figure 1.2 Bimetallic nanoparticles with different structures: a) core-shell; b)
heterostructure; c) intermetallic or alloyed structures.12

of expensive noble metals to be the cores of bimetallic nanoparticles. Transition
metals (Fe, Co, Ni) are the pr2iority selection candidates for metal cores for bimetallic
catalysts.
1.1.4 Electrocatalysis
Palladium is one of the most important catalysts for oxidation reactions in fuel cells.
One of the most promising types of fuel cell is direct formic acid fuel cells (DFAFCs).
The need for power and energy for portable devices is rapidly growing. However, the
progress of reduction in weight and size of power sources is not advancing with the
miniaturization of consumer electronic devices. Direct liquid fuel cells are considered
as a promising power supplier for portable power applications，as they possess a
combination of high power and high energy densities.25 Figure 1.3 displays a clear
outline for developing application of formic acid. DFAFCs operate with remarkably
efficiency due to the higher open-cell potential of formic acid oxidation, the faster
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Figure 1.3 Timeline of formic acid in electrochemistry. Copyright 2010 NSF
Project.

electro-oxidation kinetics for formic acid, and a lower rate of fuel crossover.26 At
room temperature, formic acid is a liquid and less volatile compared with methanol,
which makes it more convenient and less dangerous to handle, store, and transport
than other fuel.27 This research will focus on the synthesis of palladium-based
nanoparticles and their potential application as electrocatalysis.

1.2 Synthesis of Palladium Nanoparticles
1.2.1 Synthesis of Pd nanoparticles
Various synthetic strategies have been developed to prepare palladium
nanoparticles. Vast amounts of capping agents, reducing agents and solvents have
been applied in the synthesis of palladium nanoparticles in order to achieve greater
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control over the size and shape.6,28,29 It is well known that the process of crystal
formation in palladium nanoparticles consists of two steps: nucleation and a diffusive
agglomerative growth.9 Through different synthetic processes and treatments (Figure
1.4), palladium nanoparticles with a variety of shapes can be obtained.10 Capping
agents

such

as

cetyltrimethylammomium

bromide

(CTAB),30

cetyltrimethylammomium chloride (CTAC),31 dodecylbenzenesulfonate (DBS),32
poly(vinylpyrrolidone)

(PVP)33

or

triblock

Pluronic

copolymer

(P123,

PEO19-PPO69-PEO19)29 are of great significance to avoid aggregation of small
nanoparticles. Thus capping agents are able to control the size of palladium
nanoparticles as well as affect the shape. Ascorbic acid (vitamin C),34 sodium
borohydride35 and citric acid are effective reducing agents in solution-phase synthesis.
More interestingly, some small molecules, such as vitamin B236 and glucose37, are
able to act as reducing agents and capping agents. These environment friendly
bi-functional agents contribute to simplifying reaction systems. Adding bromide30 or
changing the sequence38 of adding chemicals can also lead to new structures.
1.2.2 Synthesis of Pd-based bimetallic nanoparticles
Despite the success in the synthesis of pure palladium nanoparticles, scientists are
beginning to devote more effort to the synthesis of bimetallic nanoparticles. In order
to obtain a certain structure (like core-shell structure), the synthesis of bimetallic
nanoparticles will be more difficult than those of pure metal nanoparticles. The polyol

7

Figure 1.4 A schematic illustration of the reaction pathways that lead to
palladium nanostructures with different shape.10
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method and oleic acid/oleylamine method, which can work successfully in the
synthesis of pure metal and bimetallic nanoparticles, are able to provide nanoparticles
of controlled size and shape.39,40 The application of these nanoparticles as catalysts in
chemical reactions requires supports which are needed to immobilize these catalysts.
Supported palladium-based catalysts are often prepared by using co-reduction,
impregnation or ion exchange methods and annealed at high temperature in reducing
atmosphere. Organometallic precursors are often used in the oleylamine method.
Inorganic precursors are proper to aqueous synthesis methods. Due to their
economical nature, inorganic precursors and aqueous synthesis are preferred.
1.2.3 Supports for Pd-based nanoparticles
Pd nanoparticles will be applied in electrochemistry. Accordingly, the supports of
electrocatalysis should be conductive. Carbon materials are a reasonable selection for
palladium-based supported nanoparticles. Vulcan XC-72 carbon has a good
conductivity and therefore is selected as a support for palladium nanoparticles.
Additionally, mesoporous carbon is a better support than Vulcan XC-72 carbon,
because its high surface area can offer better capacity for catalysts with the same
conductivity.41 Furthermore, the pore structure of mesoporous carbon may limit the
size of palladium nanoparticles. Template-assisted synthesis is a common method to
create ordered mesoporous carbon. Synthetic methods can be classified as
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hard-template42 and soft-template43 method. In impregnation methods, modified
ordered mesoporous carbons could better absorb inorganic precursors.
Since the surface energy of palladium is less than that of these pre-selected
transition metals,44 the surface segregation of these alloys (e.g. Pd-Cu, Pd-Fe, Pd-Co,
Pd-Ni alloys) is a favorable process under a high temperature treatment that leads to a
stable core-shell structure. The wet impregnation and simultaneous reduction of Cu,
Fe, Ni, or Co and Pd salts will be applied to form alloy nanoparticles under
high-temperature treatment and hydrogen atmosphere on carbon supports.

The

surface segregation of the above alloy nanoparticles will be achieved under further
thermal treatment. The various reducing agents with different reducing strengths,
reduction times and concentrations of precursors will be used to control and adjust the
size of the core-shell structure.
1.2.4 Methodology
Transmission electron microscopy (TEM) will be used to evaluate the particle size
distributions and X-ray diffraction spectroscopy (XRD) can analyze the structure and
size of bimetallic nanoparticles. Scherrer equation is a convenient method to calculate
the size of particles from XRD. Scherrer equation:
D = Kλ/βcosθ

(1)

Where D is Crystallite size (unit is Å), K is crystallite-shape factor (K=0.9), λ is
X-ray wavelength (for CuKα, λ=1.5418 Å), θ is observed peak angle (unit is degree),
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β is the full width half maximum (FWHM) of the peak (unit is radian).
The lattice parameters of Pd shell on the pre-selected 3d transition-metal cores will
be estimated by measuring the distance between the two nearest Pd atom rows from a
high resolution TEM electron diffraction pattern image of a single core-shell
structured

nanoparticle.

The

Energy-dispersive

X-ray

spectroscopy

(EDX)

measurement will be performed to determine the surface composition of prepared
bimetallic nanoparticles, respectively.
Preliminary X-ray photoelectron spectroscopy (XPS) results of co-workers in

Intensity (Arbitrary Units)

Washington State University (WSU) on Cu-Pd core-shell structures deposited from

344

+0.38

Pd foil

Pd shell

342

340

338

336

Binding Energy (eV)

334

332

Figure 1.5 XPS spectra of Pd 3d peak for Pd covered Cu core-shell
nanoparticles and clean Pd foil
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solution reveals a shift of about +0.38 eV of the Pd 3d5/2 peak toward higher binding
energy (See Figure 1.5). The associated Cu 2p3/2 (core) signal displays a – 0.6 eV shift
toward lower binding energy (data not shown). The opposite shifts measured for these
two metals suggest that charge transfer from Pd (shell) to Cu (core) occurred.
The following equation will be used to determine the thickness (t) of the shell in
such a core-shell structure:
t = - λ(Esubstrate) cosθ ln(Isample/I0substrate)

(2)

Where λ is the mean free path of the core material electrons with kinetic energy of
Esubstrate, θ is the take off angle and Isample/I0substrate is the ratio of the core/shell signal to
that of the pure core metal signal.

Figure 1.6 UPS d-band data background subtracted for bare Cu and Pd
covered Cu.
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The d-band shift determined from preliminary ultra-violet photoemission
spectroscopy (UPS) data for Pd thin film deposited from ultra-high vacuum (UHV) on
thick Cu film displays a d-band center position downshifted with respect to the Fermi
level (See Figure 1.6). These early findings confirm that a strong metallic bond
between the Pd and the Cu is present and charge transfer from the Pd to the Cu
substrate took place. These results are in very good agreement with preliminary XPS
measurements of co-workers in WSU on core-shell nanoparticles and literature. We
are very optimistic that similar results will be obtained with nanoparticle catalysts of
Ni/Pd and Co/Pd in which a positive reduction potential is also obtained.
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Chapter 2
Synthesis of Palladium Nanoparticles
2.1 Impregnation Method.
2.1.1 Introduction
In the traditional impregnation method, Pd nanoparticles (NPs) are formed by
impregnating inorganic Pd precursors (PdCl2) on supports and subsequently reduced
in H2. Impregnation method is a common method and can be used to prepare a large
quantity of metal nanoparticles. The particles will nucleate onto the support and
without further agglomeration to larger particles. However, the uniformity and
size/shape-control ability of impregnation method is limited.
Ammonia can coordinate with palladium to form Pd(NH3)42+ complex. This
complex can also act as Pd NPs precursor instead of PdCl2. The adsorption of
carbon-transition metal ions and cationic complexes typically accounts for the
existence of surface carboxyl or phenol groups. The number of adsorbed Pd(NH3)42+
ions does increase with the concentration of these acidic sites. Ion exchange occurred
through the substitution of the cationic complexes proton by acid sites (C-OH):
z C –OH + [Me(NH3)n]Xz ⇋ [Me(NH3)n]z+(C–O-)z+z HX

(3)

2.1.2 Experimental section
The palladium nanoparticles were prepared at 300oC by impregnation of
mesoporous carbon and Vulcan XC-72 with aqueous solution of PdCl2 in a rotary
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evaporator with an aspirator. The PdCl2 aqueous solution is prepared by dissolving
0.053 g PdCl2 into 30 mL 0.02M HCl aqueous solution. Impregnated samples were
further calcined in H2/N2 at given temperatures in the range 300-500 oC for 2 hours.
The ammonia-assisted impregnation is completed similarly with the replacement of
30 mL 0.02 M HCl by 10mL 1 M ammonia solution. The ethanol modified
impregnation is completed similarly with the exception of an ethanol solvent instead
of water.
2.1.3 Results and discussion
As shown in the Figure 2.1a, the X-ray Diffraction (XRD) patterns of the sample on
mesoporous carbon (MC) show typical palladium patterns. Two broad peaks at 2θ =
22o and 42o are the amorphous peaks from mesoporous carbon. Calculated from
Scherrer Equation, the average crystalline size of Pd NPs is about 8 nm. After a heat
treatment, the crystalline size of particles grows much larger than the pore size of
mesoporous carbon (8 nm). It is obvious that the majority of the precursors are
outside of the porous structure of mesoporous carbon. When the support is substituted
to Vulcan XC-72 (Figure 2.1b), a similar result is obtained. The size of NPs on
Vulcan XC-72 is about 10 nm. Simple physisorption on the surface of support cannot
contribute to small size nanoparticles.
The result of the ammonia-assisted impregnation method seems to be better than
simple impregnation method. Calculated from Scherrer Equation, the XRD pattern

15

a
C

Pd
C Pd
Pd

b
Pd
C

C

Pd
Pd

Figure 2.1 Traditional impregnation method to prepare Pd nanoparticles on
a) mesoporous carbon, b) Vulcan XC-72.
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shown in Figure.2.2, Pd nanoparticles have a size of 10 nm. The size of the Pd NPs is
still larger than pore size of mesoporous carbon. That is to say, most of the inorganic
precursors do not come into the porous structure of the support. As the reducing
temperature increases, the Pd NPs will grow much larger.
There is a modified impregnation method to gain small size of Pd NPs in the same
conditions as traditional ones. PdCl2 is still selected as Pd source, but the solvent is
ethanol instead of water. A rotary evaporator is used to evaporate the ethanol and get
PdCl2 impregnated on support. From the XRD patterns shown in Figure 2.3, the peaks

C
Pd

Pd

C
Pd

Figure 2.2 Ammonia-assisted impregnation method prepared Pd
nanoparticles on mesoporous carbon.
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are broader compared with Figure 2.1. Calculated from Scherrer Equation, the size of
the Pd NPs is 6 nm (different from size measured by TEM) on MC (Figure.2.3a) and
3 nm on Vulcan XC-72 (Figure.2.3b) respectively. TEM and STEM images of above
samples also confirm the small size of Pd NPs. In Figure 2.4, palladium nanoparticles
of small size (3 nm) are well dispersed on Vulcan XC-72. The size of nanoparticles on
mesoporous carbon is also very small (3 nm). The explanation of this phenomenon is
that Pd precursors disperse on supports by modified impregnation method more
uniformly than traditional impregnation method. During the heating process,
uniformly dispersed Pd precursor will not tend to aggregate less.
2.1.4 Conclusions
In summary, the current studies of the ethanol modified impregnation method
between inorganic precursors and carbon supports (mesoporous carbon or Vulcan
XC-72) reveals that ethanol does offer a better dispersion of precursors on supports
and smaller palladium nanoparticles can be prepared in this way. Ammonia-assisted
method is not as successful as ethanol modified one, but it still opens a new way to
improve impregnation method.

2.2 Palladium nanoparticles prepared by P123
2.2.1 Introduction
Preliminary works have focused on size-controlled Pd NPs. The following indicates
a typical synthesis of palladium nanoparticles. In the Pluronic P123 (triblock
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a
C
Pd
C Pd
Pd

b
Pd
Pd

Pd

Pd
Pd

Figure 2.3 XRD patterns for ethanol modified impregnation method
prepared Pd nanoparticles on a) mesoporous carbon, b) Vulcan XC-72.
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a

b

Figure 2.4 a) TEM image of Pd nanoparticles on mesoporous carbon, b)
STEM image of Pd nanoparticles on Vulcan XC-72.( both of them are
prepared by ethanol modified impregnation method)
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copolymer, H(C2H4O)20(C3H6O)70(C2H4O)20OH ) method, P123 performs as both
reducing agent and capping agent. Simply by changing some conditions in this simple
system, the size of the Pd NPs will be highly controlled.29
2.2.2 Experimental section
7.5 mL 160 g/L P123 solution mixed with 10.3 mL deionized water is stirred
vigorously for several minutes. Then 0.2 mL 0.06 M H2PdCl4 solution is injected into
above solution dropwise. After 2 hours, the sample was centrifuged and washed four
times with ethanol.29
2.2.3 Results and discussion
Due to the small size of Pd nanoparticles, centrifugation in this experiment is not
easy. Therefore, a variety of organic solvents have been tried to act as a precipitant.
Methylene chloride and pyridine performed well in Pd-P123 system. Because of the
toxicity of pyridine, methylene chloride was chosen as a precipitant.
In order to cut down the cost of raw material for testing, supports are necessary. In the
following graph (Figure 2.5), the comparison of different supporting materials is
made. TiO2-25 is not preferred due to the difficulty in distinguishing the palladium
peak among the many titania peaks. Both SBA-15 (with 8 nm pores) and mesoporous
carbon (with 8 nm pores) perform well in XRD patterns. Compared with mesoporous
carbon, SBA-15 does not have broad 2θ peak around 40º (major peak of Pd). The data
of Pd NPs presented are all on SBA-15.
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Pd
Pd
Pd

Pd
Pd

Figure 2.5 XRD patterns for Pd NPs on different supports.

Pd

Pd

Figure 2.6 Effect of reducing time in P123 method to prepare Pd NPs
(supported on SBA-15).
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Pd

Pd

Figure 2.7 Effect of reducing time in P123 method to prepare Pd NPs
(supported on SBA-15).
After selecting the support for this experiment, several experimental factors have
been studied in the following work. As the Figure 2.6 shows, after 40 minutes, the
size of the Pd NPs remains the same. The process of the growth is relatively fast
process. If the reaction lasts for as long as 24 hours, the size of the Pd NPs does not
exceed 6nm. In the range of 40 minutes, various ultra small sizes (less than 6nm) of
Pd NPs can be obtained through controlling the reaction time.
The factor of temperature (Figure 2.7) is also taken into consideration. When the
temperature is increased from 30 oC to 70 oC, the size of Pd NPs increase form 5nm to
8 nm. Lower temperature can contibute to the smaller size of Pd NPs. For
convenience reason, room temperature is preferred.

23

Pd

Pd

Figure 2.8 Effect of reducing pH value of precursor solution in P123 method
to prepare Pd NPs (supported on SBA-15).
pH value is key factor in this reaction (Figure 2.8). In high pH solution, there is no
Pd NP detected. As shown in above figure, the size of Pd NPs increase from 3 nm to 9
nm when the pH value of the solution decreases from 6.89 to 1. Adjusting the pH
value is a fast and convenient way to gain control over the size of Pd NPs.
Concentration of raw materials can also affect the size of Pd NPs. However, it is not
an effective way to control the size.
Even though temperature and concentration do affect the size of particle, pH value
is the most important factor in the system of P123 method. By adjusting temperature
and concentration, the size of Pd NPs is still larger than the target size of <6 nm. Only
changes in the pH value have been successful in creation of small size nanoparticles.
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a

5 nm

b
C

Pd

C
Pd

Figure 2.9 a) TEM of Pd NPs on mesoporous carbon prepared by P123 method, b)
XRD patterns of the same sample.
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40 minutes after adding all chemicals, the change in size of Pd NPs is negligible.
Successful size control of Pd NPs is achieved using the P123 method, which is a fast
(40 minutes) and convenient (room temperature) method to synthesize Pd NPs.
Pd NPs on MC prepared by P123 method are also characterized by TEM shown in
Figure 2.9a. Even though the uniformity of the Pd NPs dispersed on MC is not good.
The size of the Pd NPs is 5 nm from the TEM image, which is consistent with
calculation result from XRD patterns (Figure 2.9b).
2.2.4 Conclusions
An efficient method to prepare palladium nanoparticles via P123 reduction in
aqueous solution was found. In room temperature and reacting within 40 minutes, less
than 5 nm palladium nanoparticles can be prepared in neutral environment. These
nanoparticles can be used as precursors for bimetallic nanoparticles synthesis

2.3 Polyol Method
2.3.1 Introduction
Polyol process refers to the use of a diol or polyalcohol (typically ethylene glycol)
to reduce metal salts to metal particles. The size of the particles calculated from
Scherrer Equation is around 13 nm. After further heat treatment in H2 the particles can
grow much larger.
2.3.2 Experimental section
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In this procedure, a one-pot synthesis was developed where Pd nanoparticles
nucleated to a support and a metal salt solution was injected. The procedure began
with supporting Pd nanoparticles on Vulcan XC-72. The support 300 mg Vulcan was

Pd

Pd
Pd

Figure 2.10 XRD patterns of Pd NPs prepared by polyol method.

added and stirred into a solution of 45.2 mg Pd(C2H3O2)2 in 25 mL of ethylene glycol.
The mixture was purged with Ar for 20 minutes and the temperature was increased to
125 °C for 2 hours.
2.3.3 Results and discussion
As shown in the Figure 2.10, the particles size is about 20 nm. Since the size of
nanoparticles are similar to traditional impregnation ones and the success of Pd NPs
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prepared in aqueous solution, continuation of the study of using the polyol method to
prepared Pd NPs has been unexplored
2.3.4 Conclusion
Some reports discussed in certain condition, particles with small size can be
prepared via polyol method. While the Polyol method is not optimal, it is a rather
facile method (due to its one-pot nature) to preparing metal NPs.
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Chapter 3
Synthesis of Bimetallic Palladium Based Nanoparticles
3.1 Segregation-impregnation method
3.1.1 Introduction
Mesoporous carbons supported NiPd NPs are synthesized by using an improved
segregation-impregnation method.45 Ultrasonic blending and ethanol modified
impregnation are applied in this method. This segregation-impregnation method can
provide more uniformity of the metal precursors loaded on supports. Surface energy
of Pd is lower than Ni, Pd atoms prefer to come to the surface. Further heat treatment
can lead to a segregation of Pd shell and Ni core.
3.1.2 Experimental section
NiCl2 ethanol solution is mixed with PdCl2 ethanol solution (1:1 ratio), and then a
certain amount of carbon support was dispersed in the mixture. After ultrasonic
blending for 30 minutes, the suspension was put into a rotary evaporator with an
aspirator to remove solvent. After being ground in an agate mortar, the powder was
heated in a tube furnace at 300 ºC under flowing H2/N2 for 1 hour. Finally, the powder
was cooled to room temperature under H2/N2, and then annealed at 500 ºC under
H2/N2 atmosphere for 1 hour for segregation.45
3.1.3 Results and discussion
Figure 3.1 shows XRD patterns of mesoporous carbon supported NiPd NPs
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prepared by segregation-impregnation method. The black line is the XRD patterns of
the sample after reduction in 300 oC, and the blue line is the XRD patterns of this
sample after further segregation at 500 oC. The size of NiPd NPs before segregation is
about 3 nm. After segregation the NiPd NPs increased to 8 nm. The XRD patterns of
this sample match the patterns of Ni0.52Pd0.48 in XRD database. However, under
increasing heat time and temperature in H2 atmosphere, the size of NPs will keep
increasing. It is suspected that much of the precursors load on the outer surface of the
mesoporous carbon.

C

Pd

Pd
Pd

Figure 3.1 XRD patterns of NiPd NPs prepared by ethanol modified impregnation
method on mesoporous carbon.
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3.1.4 Conclusions
According to some published works, this method is suggested to be a useful method
to prepared core-shell bimetallic nanoparticles. However, based on preliminary result,
whether the bimetallic nanoparticles are core-shell structured is still under
investigation

3.2 Oleylamine-mediated method
3.2.1 Introduction
This part is a combination of P123 method and oleic aid/oleylamine method. The
Pd NPs synthesized by the P123 method (see chapter 1.2) act as the palladium
precursor

for

Ni/Pd

NPs.

Oleylamine

is

the

reducing

agent

in

this

oleylamine-mediated method. Oleic acid acts as a stabilizer.39
3.2.2 Experimental section
Ni/Pd alloy NPs are prepared by first dissolving certain amount of NiCl2 into
1-octadecene (20 mL), oleic acid (1.683 mmol), and oleylamine (1.683 mmol) in a
100 mL 3-neck round-bottom flask. Then Pd NPs are added to the solution and the
mixture is magnetically stirred under flowing Argon gas. The temperature is first
raised to 120 ºC for 20 minutes to remove water then increased to 305 ºC for 1.5
hours. The heating mantle is removed and the reaction mixture cooled to room
temperature. The sample is diluted in ethanol, and centrifuged at 7500 rpm for 7
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minutes. The final product is washed by suspending the powder in ethanol and
centrifuging four times before drying in air.39
3.2.3 Results and discussion
In Figure 3.2, XRD data match well with XRD patterns for bimetallic NiPd NPs at
2 θ = 42o. Due to the small size of this sample, the peaks after 42o cannot be observed.
Calculated from Scherrer Equation, the size of particles is about 2-3 nm. The size of
bimetallic Ni/Pd NPs via oleic acid/oleylamine method is a little smaller than the
precursors, Pd NPs prepared via P123 method. One explanation is that part of the Pd
nanoparticles dissolved in oleic acid/oleylamine when heated up.

C
Pd/Ni

Figure 3.2 XRD patterns of oleic acid/oleylamine method for the synthesis of
bimetallic Ni/Pd NPs (on SBA-15)
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a
C
PdO
NiO

C

b
Pd/Ni

Figure 3.3 XRD patterns of Ni/Pd NPs (on SBA-15) with treatment in
following sequence a) 350 ºC in air, b) 300 ºC in H2/N2.
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Further treatments of Ni/Pd NPs are taken in the following steps. First heated in air
at 350 ºC for 30 minutes (Figure 3.3a), then reduced in the H2/N2 at 300 ºC for 2
hours (Figure 3.3b), heated in air at 600 ºC for 2 hours (Figure 3.4a) and finally
reduced in H2/N2 at 300 ºC for 2 hours (Figure 3.4b).
In Figure 3.3a, the sharp peak around 34º is the peak of PdO and the peak at 43º is
speculated to be the peak of NiO. After H2 reduction treatment, the sample will turn
back to Ni/Pd state. The XRD patterns confirm this in Figure 3.3b. The size of this
reduced Ni/Pd NPs is 4.5nm. Peak shifted from 42o (original one) to 43o (reduced one),
which means the composition changed through this oxidation and reduction process.
The data analysis of the composition of in Figure 3.4a is similar. Due to higher
temperature, the size of NPs in 600 ºC increases a little bit compared with those in 300
ºC. At higher temperature, Ni/Pd NPs prefer to be aggregated and form big
nanoparticles. Thermal stability of this Ni/Pd NPs is limited. After getting reduced in
H2 atmosphere (see Figure 3.4b), metal oxides are all turned to metals.
3.2.4 Conclusions
In summary, this combination of P123 method and oleylamine-mediated method
can contribute to a small size of bimetallic nanoparticles. Based on XRD patterns and
TEM images, there is not enough information to determine their detail structures.
However, this method opened a new door to prepare ultra small bimetallic
nanoparticles.
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a

C
PdO
NiO

b
C
Pd/Ni

Figure 3.4 XRD patterns of Ni/Pd NPs (on SBA-15) with treatment in
following sequence a) 600 ºC in air and b) 300 ºC in H2/N2.
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3.3 Bimetallic palladium-based nanoparticle prepared via
trioctylphosphine complex
3.3.1 Introduction
Trioctylphosphine (TOP) is a good chemical to control the size of palladium
nanoparticle. At the same time, TOP can also play a role of reducing agent in the
synthesis of palladium nanoparticles.46 TOP will bond with Pd2+ to form a Pd-TOP
complex. When heated to a certain temperature, the Pd-TOP complex will decompose
and be reduced by reducing agent. The process of the decomposition of Pd-TOP
complex is slow. Thus ultra small Pd NPs can be synthesized in this way. Different
TOP-metal complexes have different decomposition temperatures. For example,
TOP-Ni complex will decompose at 205 oC. TOP-Pd complex will decompose at 235
o

C. 46

3.3.2 Experimental section
Metal-trioctylphosphine complex solution is prepared from a mixture of 0.1g
Pd(acac)2 and 0.082g Ni(acac)2. in 2 mL of trioctylphosphine. Then the mixture
solution was injected into 7 mL of oleylamine. Under the flow of the Ar, the mixture
was heated to 205 oC and aged for 30 min to decompose Ni-TOP complex. The
temperature was slowly increased to 235 oC. After aging for 1 hour, the mixture was
centrifuged and washed with ethanol for several times.46
If selecting mesoporous carbon as support, the mesoporous carbon is loaded at the
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beginning at TOP reaction or TOP-Metal nanoparticles dispersed into mesoporous
carbon at the end. Electrochemistry tests are prepared by an NSF project coworker in
WSU.
3.3.3 Results and discussion
From the XRD patterns of TOP-NiPd NPs (Figure 3.5a) only a 2θ peak at 40o could
be observed and was very broad, which indicates that the size of TOP-NiPd NPs is
ultra small. And their TEM image (Figure 3.5b) confirmed the small particle size.
Most of these uniform bimetallic nanoparticles are about 2 nm. EDX data confirm the
composition of TOP-NiPd NPs. Area 1 (Figure 3.6a) circled in Figure 3.5b is blank.
Area 1 indicates background signal from the copper and lacey carbon grid as well as a
Si peak due to internal fluorescence. Area 2 (Figure 3.6b) is a group of these NPs and
area 3 (Figure 3.6c) is one nanoparticle. There are Pd and Ni EDX signals in part 2
and 3, thus proving this sample is really Pd/Ni bimetallic NPs. The EDX signal of part
2 and 3 are similar, which show these nanoparticles are uniform both in structure and
composition.
After further heat treatment of the above TOP-NiPd NPs sample in H2/N2 (500 oC
for 2 hours), the particle size varied from 2 nm up to 70 nm (Figure.3.7a). The XRD
patterns of the annealed sample became very complex (Figure.3.7b), which match the
TEM information well. Without supports, TOP-NiPd NPs will aggregate at high
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a

Pd

b

6nm

3
6nm

Figure 3.5 a) XRD patterns and b) STEM image of TOP-NiPd NPs
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a

b

c

Figure 3.6 EDX of TOP-NiPd NPs a) area 1in Figure 3.5b, b) area 2in
Figure 3.5b, c) area 3 in Figure 3.5b.
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a

b

Figure 3.7 TOP-NiPd NPs with heat treatment at 500 oC for 2hours in H2/N2 a)
TEM image, b) XRD patterns.
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temperature. The organic capping agent (P complex in Figure 3.6b) on NiPd NPs will
affect the electrocatalytic activity of NiPd NPs. Supports are needed to prevent this
kind of aggregation. Mesoporous carbon was involved in this synthesis. Diagram is
provided in Figure.3.8.
In Figure 3.9a, there are no sharp peaks in the XRD patterns of TOP-NiPd-MC
indicating particles size is very small. Shown as the TEM image in Figure 3.9a, the
size of TOP-NiPd-MC is about 3 nm. If the nanoparticles were dispersed in the
mesoporous carbon after synthesis (Figure 3.9c), the particles tend to aggregate and
the size will increase to 5 nm.
TOP(trioctylphosphine)+oleylamine+ Pd(acac)2+M(acac)2+MC
Mixed, organic complex will
disperse into MC framework.
TOP-Pd, TOP-M
Certain temperature (low than 235
o
C ) w i t h A r. T O P - M w i l l
decompose, and M NPs are formed.
M NPs, TOP-Pd
235oC with Ar. TOP-Pd will
decompose.
M NPs and Pd NPs
Wash with ethanol several times.
Final sample
Figure 3.8 Diagram of TOP-MPd-MC method.
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a

b
C

5 nm

c

d
C

5 nm

Figure 3.9 TOP-NiPd-MC without further heat treatment a) STEM image, b)
XRD patterns (a&b, MC was added at the beginning of the synthesis), c) STEM
image, d) XRD patterns (c&d, NPs were dispersed on MC after the synthesis).
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After further heating in H2/N2 at 600 oC for 2 hours, no large change in the XRD
patterns was not found (Figure 3.10b), which indicates no large increase in particle
size. TEM image of TOP-NiPd-MC without heat treatment (Figure 3.9a) and annealed
TOP-NiPd-MC (Figure 3.10a) confirms that inference. NiPd NPs with narrow size
distribution were uniformly dispersed on mesoporous carbon and NiPd NPs did not
grow significantly after heat treatment. TOP method with mesoporous carbon as
support successfully increases the thermal stability of NiPd NPs, which is of great
importance for further application in electrocatalysis and industry application.

a

b
C

5 nm

Figure 3.10 TOP-NiPd-MC after being annealed at 600 oC for 2h a) STEM image,
b) XRD patterns.
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TG and DTA data shown in Figure 3.11 confirm that heat treatment is able to
remove the organic capping agent. According the TG data, the samples net weight
loses 3% when heated to 800

o

C (subtracted the solvent weight). BET

adsorption/desorption isotherms are used to confirm that above heat treatment does
remove organic capping agent which comes form TOP method synthesis.
In Figure 3.12, the black line is simple mesoporous carbon (MC), the red line is
TOP-NiPd on mesoporous carbon (TOP-NiPd-MC) and blue line is annealed
TOP-NiPd on mesoporous carbon (TOP-NiPd-MC annealed). BET surface
area(Figure 3.12a): MC﹥TOP-NiPd-MC﹥TOP-NiPd-MC annealed. This indicates

TG
Figure 3.11 TG and DTA data for TOP-NiPd-MC heated in N2 to remove organic
capping agent.
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a

b

Figure 3.12 BET isotherms of sample TOP-NiPd-MC, b) pore size
distribution of TOP-NiPd-MC.
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The difference between MC and TOP-NiPd-MC annealed samples could be caused by
the loading of NiPd NPs. The pore size (Figure 3.12b) can be inferred to the same
conclusion.
Core/shell structured Ni/Pd bimetallic nanoparticles were synthesized: As it is
explained in the Activity Summary, these bimetallic nanoparticles were synthesized
following the TOP method. Cyclic voltammetry of this sample was run in 0.5 M
H2SO4

which

is

shown

in

Figure

3.13.

It

shows

typical

hydrogen

desorption/adsorption peaks over the pure Pd surface at the lower potential region and

Figure 3.13 Cyclic voltammetry results for Ni/Pd bimetallic nanoparticle in
0.5 M H2SO4 at a scan rate of 20mV/sec.
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Pd oxidation/reduction peaks at the higher potential region. However, it shows no Ni
oxidation peaks, which indicates that our Ni particles are completely surrounded by
Pd shell. More detailed characterizations will be performed in the near future to
confirm its core/shell structure.
Ni/Pd bimetallic nanoparticles show an improved electrochemical activity
compared to the pure Pd nanoparticle. Figure 3.14 shows their electrochemical
activities

in

0.5

M

H2SO4.

Both

samples

show

different

hydrogen

adsorption/desorption CV characteristics. Particularly, Ni/Pd bimetallic sample shows
lower hydrogen desorption energy compare to that of pure Pd nanoparticle.

hydrogen
adsorption

hydrogen
desorption

Figure 3.14 Cyclic voltammetry results for homemade Pd nanoparticle
(black) and Ni/Pd bimetallic nanoparticle (red) in 0.5 M H2SO4 at a scan rate
of 20 mV/sec.
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Figure 3.15 shows their electrochemical activities toward formic acid. The on-set
potential of formic acid oxidation is much lower for the Ni/Pd bimetallic nanoparticle
than that of pure Pd (i.e., -0.18 V vs. -0.08 V). Furthermore, at the fixed potential of
0.01 V vs. Ag/AgCl, Ni/Pd bimetallic nanoparticle shows a much higher current
density outputs than that of pure Pd (i.e., 0.12 mA/cm2 vs. 0.03 mA/cm2).
3.3.4 Conclusions
This

method,

bimetallic

palladium-based

nanoparticles

prepared

via

trioctylphosphine complex, is the most successful way to prepare ultra small
core-shell nanoparticles. The electrocatalysis experiment operated by WSU coworkers
proved that these bimetallic nanoparticles have special the electrocatalytic properties.

formic acid
oxidation

Figure 3.15 Cyclic voltammetry results for homemade Pd nanoparticle
(black) and Ni/Pd bimetallic nanoparticle (red) in 0.5 M H2SO4
containing 0.1 M formic acid at a scan rate of 20 mV/sec.
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These special structured nanoparticles display a different electrocatalytic performance
from pure metals.
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Chapter 4
Conclusions and Possible Future Works
4.1 Conclusions
In this thesis, the synthesis of size-controlled Pd NPs via a simple path is displayed.
Decorated mesoporous carbon will be one of the most promising supports for
Pd-based NPs in electrocatalysis. Because of its high surface area and mesoporous
framework, decorated mesoporous carbon can load a higher amount of
electrocatalysis than other conductive materials in equal quantity. As for the
development of the synthesis of M/Pd (M=Fe, Co, Ni and Cu) core-shell NPs, we will
not only improve the efficiency of electrocatalysis in the oxidation of methanol and
ethanol through a bimetallic scheme but also cut down the cost of raw materials. The
success of this project will contribute to increasing the confidence of the application
of Pd-based NPs electrocatalyst in industry field.

4.2 Possible future works
4.2.1 Seed-growth synthesis for core-shell palladium-based nanoparticles
Dozens of published works have used the seed-growth method to synthesize
core-shell bimetallic NPs.32,47,48 In aqueous or oil phase, pre-selected transition metal
cores could be synthesized and a palladium shell will be coated on these transition
metal NPs. The small size of NPs and Pd-rich shell are crucial problems to solve.
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With success in one particular metal is achieved, this method can be expand to
pre-selected metals to prepare core-shell NPs.
4.2.2 Decorated mesoporous carbon
Nitric acid treatment is the traditional way of decorating carbon support through
introduction of oxide groups.49 However, strong acidity and the oxidizability of the
process may lead to a collapse of the framework of mesoporous carbons. Future work
in seeking treatment conditions for the decoration of mesoporous carbons would be
valuable. Nazar and coworkers introduced a simple method to modify mesoporous
carbon. They decorated the carbon surface with sulfur that functions as a metal trap.50
Attributed to a soft acid–soft base interaction, sulfur displays a strong affinity.51 Due
to the capillary forces, sulfur melt is easily imbibed into the framework of the
mesoporous carbon. Through simply grinding and heating the mix of sulfur and
carbon, sulfur modified mesoporous carbon is prepared. Improved impregnation
methods with these decorated mesoporous carbon will hopefully have size-controlled
ability to the synthesis of NPs.

51

List of references

52

(1) Farday, M. Philos. Trans. R. Soc. London 1857, 147, 145.
(2) Jain, P. K.; Huang, X.; El-Sayed, I. H.; El-Sayed, M. A. Acc. Chem. Res. 2008, 41,
1578.
(3) Skrabalak, S. E.; Chen, J.; Sun, Y.; Lu, X.; Au, L.; Cobley, C. M.; Xia, Y. Acc.
Chem. Res. 2008, 41, 1587.
(4) Tao, A. R.; Huang, J.; Yang, P. Acc. Chem. Res. 2008, 41, 1662.
(5) Wiley, B.; Sun, Y.; Xia, Y. Acc. Chem. Res. 2007, 40, 1067.
(6) Sau, T. K.; Rogach, A. L.; Jaeckel, F.; Klar, T. A.; Feldmann, J. Adv. Mater. 2010,
22, 1805.
(7) Xia, Y. N.; Xiong, Y. J.; Lim, B.; Skrabalak, S. E. Angew. Chem. Int. Ed. 2009, 48,
60.
(8) Cobley, C. M.; Chen, J.; Cho, E. C.; Wang, L. V.; Xia, Y. Chem. Soc. Rev. 2011, 40,
44.
(9) Cushing, B. L.; Kolesnichenko, V. L.; O'Connor, C. J. Chem. Rev. 2004, 104,
3893.
(10) Xiong, Y.; Xia, Y. Adv. Mater. 2007, 19, 3385.
(11) Wang, D. S.; Xie, T.; Li, Y. Nano Res. 2009, 2, 30.
(12) Wang, D.; Li, Y. Adv. Mater. 2011, 23, 1044.
(13) Heck, R. F.; Nolley, J. P. J. Org. Chem. 1972, 37, 2320.
(14) Miyaura, N.; Suzuki, A. J. Chem. Soc. Chem. Commun. 1979, 866.
(15) Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979, 20, 3437.
(16) Stille, J. K.; Tanaka, M. J. Am. Chem. Soc. 1987, 109, 3785.
(17) Negishi, E.; Anastasia, L. Chem. Rev. 2003, 103, 1979.
(18) Xiao, C.; Ding, H.; Shen, C.; Yang, T.; Hui, C.; Gao, H. J. J. Phys. Chem. C 2009,
113, 13466.
(19) Nishihata, Y.; Mizuki, J.; Akao, T.; Tanaka, H.; Uenishi, M.; Kimura, M.;
Okamoto, T.; Hamada, N. Nature 2002, 418, 164.
(20) Favier, F.; Walter, E. C.; Zach, M. P.; Benter, T.; Penner, R. M. Science 2001, 293,
2227.
(21) Patton, J. F.; Hunter, S. R.; Sepaniak, M. J.; Daskos, P. G.; Smith, D. B. Sens.
Actuat. A 2010, 163, 464.
(22) Antolini, E. Energy Environ. Sci. 2009, 2, 915.
(23) Habas, S. E.; Lee, H.; Radmilovic, V.; Somorjai, G. A.; Yang, P. Nat. Mater. 2007,
6, 692.
(24) Mizukoshi, Y.; Fujimoto, T.; Nagata, Y.; Oshima, R.; Maeda, Y. J. Phys. Chem. B
2000, 104, 6028.
(25) Demirci, U. B. J. Power Source 2007, 169, 239.
(26) Rice, C.; Ha, R. I.; Masel, R. I.; Waszczuk, P.; Wieckowski, A.; Barnard, T. J.
Power Source 2002, 111, 83.

53

(27) Zhu, Y. M.; Ha, S. Y.; Masel, R. I. J. Power Source 2004, 130, 8.
(28) Lim, B.; Jiang, M.; Tao, J.; Camargo, P. H. C.; Zhu, Y.; Xia, Y. Adv. Funct. Mater.
2009, 19, 189.
(29) Piao, Y.; Jang, Y.; Shokouhimehr, M.; Lee, I. S.; Hyeon, T. Small 2007, 3, 255.
(30) Zhang, L.; Niu, W.; Xu, G. Nanoscale 2011, 3, 678.
(31) Zhang, J.; Zhang, L.; Xie, S.; Kuang, Q.; Han, X.; Xie, Z.; Zheng, L. Chem.-Eur.
J. 2011, 17, 9915.
(32) Zhou, G. J.; Lu, M. K.; Yang, Z. S. Langmuir 2006, 22, 5900.
(33) Chen, Y. H.; Hung, H. H.; Huang, M. H. J. Am. Chem. Soc. 2009, 131, 9114.
(34) Jena, B. K.; Sahu, S. C.; Satpati, B.; Sahu, R. K.; Behera, D.; Mohanty, S. Chem.
Commun. 2011, 47, 3796.
(35) Niu, W.; Li, Z.-Y.; Shi, L.; Liu, X.; Li, H.; Han, S.; Chen, J.; Xu, G. Cryst.
Growth Des. 2008, 8, 4440.
(36) Nadagouda, M. N.; Varma, R. S. J. Nanomaterials 2008.
(37) Xu, L.; Wu, X.-C.; Zhu, J.-J. Nanotechnology 2008, 19.
(38) Lee, Y. W.; Kim, M.; Han, S. W. Chem. Commun. 2010, 46, 1535.
(39) Bauer, J. C.; Chen, X.; Liu, Q. S.; Phan, T. H.; Schaak, R. E. J. Mater. Chem.
2008, 18, 275.
(40) Wang, D. S.; Li, Y. D. Inorganic Chemistry 2011, 50, 5196.
(41) Liang, C. D.; Li, Z. J.; Dai, S. Angew. Chem. Int. Ed. 2008, 47, 3696.
(42) Ryoo, R.; Joo, S. H.; Kruk, M.; Jaroniec, M. Adv. Mater. 2001, 13, 677.
(43) Liang, C.; Li, Z.; Dai, S. Angew. Chem. Int. Ed. 2008, 47, 3696.
(44) Mayrhofer, K. J. J.; Juhart, V.; Hartl, K.; Hanzlik, M.; Arenz, M. Angew. Chem.
Int. Ed. 2009, 48, 3529.
(45) Wang, D.; Xin, H. L.; Yu, Y.; Wang, H.; Rus, E.; Muller, D. A.; Abruna, H. D. J.
Am. Chem. Soc. 2010, 132, 17664.
(46) Son, S.U.; Jang, Y.; Park, J.; Hyeon, T. J. Am. Chem. Soc. 2004, 126, 5026
(47) Tsuji, M.; Hikino, S.; Sano, Y.; Horigome, M. Chem. Lett. 2009, 38, 518.
(48) Nadagouda, M. N.; Varma, R. S. Cryst. Growth Des. 2007, 7, 2582.
(49) Jin, H.; Park, S. E.; Lee, J. M.; Ryu, S. K. Carbon 1996, 34, 429.
(50) Ji, X.; Lee, K. T.; Holden, R.; Zhang, L.; Zhang, J.; Botton, G. A.; Couillard, M.;
Nazar, L. F. Nat. Chem. 2010, 2, 286.
(51) Miller, J. T.; Koningsberger, D. C. J. Catal. 1996, 162, 209.

54

VITA

Haijun Gao was born in Jilin, Jilin Province, P. R. China on June 02, 1988. He
attended No.1 High School of Jilin City in August, 2003. Three years later, Haijun
was admitted to Jilin University, Changchun, China. He received his Bachelor of
Science degree in June 2010. In August 2010, Haijun began his graduate studies in the
University of Tennessee at Knoxville, and joined Dr. Sheng Dai’s group later. Haijun
Gao will be graduated with Master of Science in August 2012.

55

